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STAR Cold QCD results have significant impact!

PRL 115, 092002 (2015)

First evidence of 
polarized gluons
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Fascinating questions remain…
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Worldwide first hint of Sivers sign change

Transversity via IFF
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(2018)
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Positive flavor asymmetry 
in the polarized sea
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STAR dijetsFirst Collins effect in ! + !

PRD 97, 032004 (2018)



Open Questions in Cold QCD

Deep and critical questions remain unanswered…
• Limited understanding of how quarks, gluons, and their spins are 

distributed in space and momentum inside the nucleon.
• How does partonic orbital motion contribute to the proton spin?
• Large transverse spin asymmetries observed at forward angles for 

inclusive hadron production remain poorly understood.
• Assumptions of universality and factorization for transverse-

momentum-dependent (TMD) functions probed in ! + ! collisions need 
to be tested and their evolution in #$ quantified.
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Open Questions in Cold QCD
STAR detector post-BES-II well positioned to address many of these questions!
• Problem: existing detectors access limited range of ! = #$%&'()/#$&('()!
• Full understanding of hadrons and hadronic matter: probe high-! and low-!
– Most direct access through asymmetric collisions, i.e. !+ ≫ !-
– Outgoing particles emitted at far forward angles

à STAR Forward Upgrade!
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3 Forward Upgrade Overview and Simulation 
 

3.1 Forward Calorimeter System 
 
The STAR forward upgrade is motivated to a large extend to explore QCD physics in the 

very high and low regions of Bjorken x. Previous STAR efforts using the FPD and FMS detectors, 
and the recently refurbished FMS and a new pre-shower and post-shower detector upgrade for Runs 
2015-2017, have demonstrated that there are outstanding QCD physics opportunities in the forward 
region. In order to go beyond what STAR has/will achieve with the currently existing forward 
detector system, a forward detector upgrade with superior detection capability for neutral pions, 
photons, electrons, jets and leading hadrons covering a pseudo-rapidity region of 2.5-4 in the years 
beyond 2020 is proposed. The forward upgrade program of STAR will also enable to study the 
longitudinal structure of the initial state that leads to breaking of boost invariance in heavy ion 
collisions and explore of the transport properties of the hot and dense matter formed in heavy ion 
collisions near the region of perfect fluidity. Table 3-1 gives a summary of the detector 
requirements of the different components of the forward upgrade based on the discussed pp, pA and 
AA physics programs.  

 
Detector pp and pA AA 
ECal ~10%/√E ~20%/√E 
HCal ~60%/√E --- 

Tracking charge separation 
photon suppression 

0.2<pT<2 GeV/c with 20-30% 
1/pT 

Table 3-1: Requirements of the different forward upgrade detector parts for the different physics programs 
summarized in Table 2-1 and  Table 2-2. 

 
 

 
 

 
Figure 3-1: Location of the FCS at the West side of the STAR Detector system and a three-dimensional CAD 
model of the FCS in the STAR detector model. 
 



Timeframe and Vital Stats
From the BUR charge…
In addition, I request presentations on…an update of the physics goals for a short 
(16 cryo-weeks) forward Spin physics run in FY22 with 500 GeV ! + ! collisions.
• Follows completion of BES-II
– Possible last opportunity for extended 500 GeV running at RHIC

• Inaugural physics run with full suite of upgraded forward detectors
– Very positive feedback from NSF and fully expect to receive funding!

• First ! + ! run able to exploit capabilities of iTPC, eTOF, and EPD
• Anticipate a total delivered luminosity of 1.2 N#$

– Roughly double that of the 2017 run
– Significantly improve precision of midrapidity measurements

§ Weak boson %& (Sivers), Collins, IFF, Collins-like, (di)jet %'', etc.
§ Not shown here for reasons of time
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A Surprise from Transverse Single-spin Asymmetries

! "
#
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Shown results from
E704, PLB 261, 201 (1991)
STAR, PRL 101, 222001 (2008)
STAR, PRD 89, 012001 (2014)
PHENIX, PRD 90, 012006 (2014)

Collinear pQCD at leading twist: 
very small $%&

$%& =
()↑ − ()↓
()↑ + ()↓

()↑ ↓ -- cross section for leftward 
scattering when beam polarization 
is spin-up(down)

Sizeable $%& at forward pseudorapidity
across a large range of .

Measurements at RHIC in region where NLO pQCD cross-
section provides a reasonable description of the data
à Go beyond collinear pQCD at leading twist
à Insight into transverse polarization structure?



Mechanisms for Transverse Single-spin Asymmetries
Transverse Momentum Dependent (TMD) Distributions and FFs
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Asymmetry from multi-parton correlation functions
e.g. Qiu and Sterman, PRL 67, 2264 (1991); PRD 59, 014004 (1998)

Correlators closely related to !" moments of TMD’s
Boer, Mulders, Pijlman, NPB 667, 201 (2003)

#$ ⋅ &×!",)*+,-. ≠ 0

Sivers mechanism: asymmetry in 
the jet or 1 production
D. Sivers, PRD 41, 83 (1990); 43, 261 (1991)

#$ !",)*+,-.
&

&Sensitive to proton spin–parton
transverse motion correlations 
(needs orbital motion)

#2 ⋅ &×!",3 ≠ 0

Collins mechanism: asymmetry in 
the jet fragmentation
J. Collins, NP B396, 161 (1993)

#$

&

&
#2 !",3

Sensitive to 
transversity (ℎ5)

6± Kinematic Variables
8 = &3/&;<,

=" (!",3) = 6 &" relative to jet axis

­p ­p ­p

p p p

p p p

Y. Koike, RSC Discussion (2004)

Twist-3 Distributions and FFs



Transversity
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other. One can see that the experimental data indeed show
some tension with the Soffer bound for the dquark in the
high-x region as predicted in Ref. [94]. This saturation
happens in the region not explored by the current exper-
imental data, so future data from Jefferson Lab 12 will be
very important to test the Soffer bound and to constrain the
transversity and tensor charge.
The functions themselves are slightly different as can be

seen by comparing solid and dashes lines in Fig. 27(a). In
fact Ref. [17] uses the tree-level TMD expression (no TMD
evolution) for extraction, and we use the NLL TMD
formalism. Results should be different even though in
asymmetries, as we saw, at low energies results with NLL
TMD are comparable with the tree level. At higher energies
and Q2, the situation changes, and extracted functions
must be different. At the same time, one should remember
TMD evolution does not act as a universal Q2 suppression
factor. A complicated Fourier transform should be per-
formed that mixes Q2 and b dependence, and thus the
resulting functions are different in shape but comparable in
magnitude. It is also very encouraging that tree-level TMD
extractions yielded results very similar to our NLL extrac-
tion. This makes the previous phenomenological results
valid even though the appropriate TMD evolution was not
taken into account. It also means that we need to have
experimental data on unpolarized cross sections differential
in Ph⊥. As we have seen, the effects of evolution should be
evident in the data, and those measurements will help to
establish the validity of the modern formulation of TMD
evolution.
We compare extracted Collins fragmentation functions

−zHð3ÞðzÞ in Fig. 28 at Q2 ¼ 2.4 GeV2 with the extraction
of Torino-Cagliari-JLab 2013 [17]. The resulting Collins
FFs have the same signs, but shapes and sizes are slightly
different. Indeed one could expect it as far as Q2 of eþe− is
different, and the evolution effect must be more evident. At
the same time, those functions for both tree-level and NLL

TMD give the same (or similar) theoretical asymmetries
that are well compared to the experimental data of SIDIS
and eþe−. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q2 ¼ 2.4 GeV2 are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other

extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
quark in the region of x½0.065; 0.35&at Q2 ¼ 10 GeV2 at
68% C.L. (label 1) and the contribution to the u quark and
dquark in the same region of x and the same Q2 using the
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FIG. 27. (a) Comparison of extracted transversity (solid lines and vertical-line hashed region) Q2 ¼ 2.4 GeV2 with the Torino-
Cagliari-JLab 2013 extraction [17] (dashed lines and shaded region). (b) Comparison of extracted transversity (solid lines and shaded
region) at Q2 ¼ 2.4 GeV2 with Pavia 2015 extraction [18] (shaded region).
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FIG. 28. Comparison of extracted Collins fragmentation func-
tions (solid lines and vertical-line hashed region) at Q2 ¼
2.4 GeV2 with the Torino-Cagliari-JLab 2013 extraction [17]
(dashed lines and shaded region).

EXTRACTION OF QUARK TRANSVERSITY DISTRIBUTION … PHYSICAL REVIEW D 93, 014009 (2016)

014009-33

PRD 93, 014009 (2016)

Anselmino et al: PRD 87, 094019 (2013)
Kang et al: PRD 93, 014009 (2016)
Radici et al: JHEP 05, 123 (2015)

Large uncertainties for
u-quark at high ! and
d-quark everywhere!
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Complete understanding of nucleon structure requires knowledge of
• Unpolarized PDF, " !
• Helicity PDF (Δ" ! )
• Transversity (ℎ% ! or &' ! ) – chiral odd à requires another chiral-odd distribution

- Δ' ! − &' ! : direct connection to non-zero OAM components of proton wave function
- Tensor charge, &' = ∫+

% &' ! − &,' ! -!

Global analyses access in SIDIS + ./.0, e.g. via “Collins” or IFF asymmetries
Currently limited reach in !, 23



Transversity
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Collins effect, now observed in !! and largely consistent with SIDIS+"#"$
- Tests of TMD factorization and universality
- Sample wider kinematic space à insight into TMD evolution
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Complete understanding of nucleon structure requires knowledge of
• Unpolarized PDF, % &
• Helicity PDF (Δ% & )
• Transversity (ℎ) & or *+ & ) – chiral odd à requires another chiral-odd distribution

- Δ+ & − *+ & : direct connection to non-zero OAM components of proton wave function

- Tensor charge, *+ = ∫/
) *+ & − *0+ & 1&
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Fig. 5. The same-charge, momentum-ordered (|p⃗h,1| > |p⃗h,2 |) asymmetry AU T as a function of Minv for the lowest pT bin, mid-pT bin, and the highest pT bin used in Fig. 4. 
Statistical uncertainties are represented by the error bars, the open rectangles are the systematic uncertainties originating from the particle identification, and the solid one 
represent the trigger bias systematic uncertainties. The Minv bin boundaries are shown at the top of the figure.

Fig. 6. The asymmetry AU T as a function of pT for five Minv bins for η > 0. Statistical uncertainties are represented by the error bars, the open rectangles are the systematic 
uncertainties originating from the particle identification, and the solid one represent the trigger bias systematic uncertainties. The pT bin boundaries are shown at the top 
of the figure.

Finally, the pion pair purity previously mentioned was used to 
estimate the asymmetric asymmetry dilution due to π − K and 
π − p pairs and found to be about 15% and is represented as rect-
angles above (below) positive (negative) data points in Figs. 3– 6 . 
This estimate assumes the π − K and π − p asymmetries are no 
larger than the π+ − π − asymmetries and have the same sign.

4. Results

The single spin asymmetry, AU T , was measured as a function of 
η for five pT bins. It is shown as a function of η in Fig. 3 for the 
largest pT bin with ⟨pT ⟩ = 13 GeV/c. The other four pT bins have 
smaller asymmetries compared to the ⟨pT ⟩ bin in Fig. 3. Using 
the particles produced in PYTHIA and processed through GEANT 
as mentioned previously, the kinematic variables x and z were es-
timated. The bottom panel of Fig. 3 shows x and z as a function of 

pion pair pseudorapidity. As shown in Fig. 3, a strong rise of the 
measured signal is observed toward higher η where we reach the 
highest values of x. This is consistent with the expectation that the 
transversity distribution is largest at high-x.

AU T as a function of Minv for η > 0 and η < 0 is shown in 
Fig. 4 for the five pT bins. For η > 0 a significant signal is seen 
in the highest pT bin, while for η < 0 the values of the asym-
metries are significantly smaller as was already shown in Fig. 3
for the highest pT bin. For the two highest pT bins and η > 0, 
an enhancement near the ρ mass at mid-Minv is observed. In 
models of the IFF, this enhancement is expected due to the in-
terference of vector meson decays in a relative p-wave with the 
non-resonant background in a relative s-wave [44]. To test this 
hypothesis, the same-charge, momentum-ordered (|p⃗h,1| > |p⃗h,2 |) 
asymmetry was calculated and is shown in Fig. 5. This plot shows 
a significantly smaller asymmetry around the ρ mass compared 

Transversity

Significant dihadron asymmetries at RHIC (200 & 500 GeV)
• Strong dependence on pair !"
• In terms of invariant mass, data are consistent with 68% of 

replicas based on SIDIS & #$#% data
à Same as in SIDIS!

• 200 GeV: Significant impact on global transversity analysis!
– Improved precision of valence u-quark
– Improved behavior of valence d-quark
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STAR Collaboration, PLB 780, 332 (2018)
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Fig. 7. The azimuthal asymmetry as a function of invariant mass in the highest pT
bin compared with predictions from fits to existing SIDIS and e+e− data provided 
by the same authors as [30]. Details on the calculation can be found in [38].

to the charge-ordered calculation. We note that this suppressed 
asymmetry can also be explained in single hadron emission mod-
els like the Nambu and Jona-Lasinio jet model [45] where the 
parton producing the lower ranked same-charge pion will carry 
less of the spin information and is more likely to have a trans-
verse momentum direction correlated (instead of anti-correlated) 
with the higher ranked pion.

AU T as a function of pT for η > 0 is shown in Fig. 6 for five 
Minv bins. A significant asymmetry is observed at high pT for 
⟨Minv ⟩ > 0.4 GeV/c2. Though not shown here, the asymmetry as a 
function of pT for η < 0 is small compared to the results for η > 0. 
Supplemental tables containing the numerical results shown in the 
figures discussed above are available online.

Fig. 7 shows a comparison of a theoretical calculation with the 
azimuthal asymmetry as a function of the invariant mass measured 
in p↑ + p collisions at 

√
s = 500 GeV for the highest pT bin. The 

gray band represents the range of the 68% confidence interval of 
the fit to SIDIS and e+e− data [12]. The theoretical prediction for √

s = 500 GeV has been provided by the authors of reference [30], 
which was first compared to the STAR results at 

√
s = 200 GeV

[29]. The smaller Minv range for the theory band is due to the 
fact that this specific model calculation has only been performed 
up to Minv ≈ 1.2 GeV/c. The asymmetry comparison shows close 
agreement within statistical uncertainty between the data and the 
theory band, which further hints at the universality of the mech-
anism producing azimuthal correlations in SIDIS, e+e− , and p + p
data. These high-precision 

√
s = 500 GeV results can further con-

strain global fits of transversity parton distribution functions to 
SIDIS, e+e− , and p + p data, and in particular, improve the sta-
tistical significance for x > 0.1.

5. Conclusions

STAR has measured the first π+π− transverse spin-dependent 
azimuthal asymmetries in p↑ + p collisions at 

√
s = 500 GeV for 

several pseudorapidity, invariant mass, and transverse momentum 
bins. These data show significant signals at high pT and Minv for 
η > 0. IFF models predict an enhancement around the ρ mass due 
to the interference of vector meson decays in a relative p-wave 
with the non-resonant background in a relative s-wave. This pre-
diction is consistent with the data reported in the paper. These 
data probe transversity at much higher Q 2 ≈ 400 GeV2 and sam-
ple a different mixture of quark flavors compared to the charge 
weighted coupling in SIDIS. These results can be used to test the 
universality of the mechanism producing azimuthal correlations 
in SIDIS, e+e− , and p + p. In the future, a comparison between 

di-hadron asymmetries with measurements of azimuthal asymme-
tries of pions in jets will provide further tests of universality and 
factorization. Additionally, the high-precision of these results, can 
further constrain global fits to world data, especially in the region 
x > 0.1.
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Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .physletb .2018 .02 .069. 
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Fig. 1. Q 2 vs x coverage for STAR, HERMES, and COMPASS [13–17]. The kinematics 
of the STAR data points correspond to the lower panel of Fig. 3.

of the mid-rapidity jet containing the hadron pair since this is the 
relevant scale in p + p collision and approximately equal to Q 2. 
The results presented in this letter at 

√
s = 500 GeV use more 

than 10 times the integrated luminosity than our previously re-
ported result at 

√
s = 200 GeV [29], where a significant signal of 

transversity was observed in an exploratory measurement of di-
pion correlations. The calculations reported in [30] found hints of 
universality where the phase space of the 

√
s = 200 GeV p + p

and the SIDIS data overlap. Since the calculations are performed in 
a collinear framework, this was already postulated. However, since 
factorization is not proven in this process and has been explic-
itly shown to be broken in other transverse polarization dependent 
processes in p + p [31], this was a crucial finding to support the 
inclusion of the data in global analyses. In the future, a comparison 
between di-hadron asymmetries, with measurements of azimuthal 
asymmetries of pions in jets by STAR [32], will provide further 
tests of universality and factorization. The former asymmetries can 
be described in a collinear framework, while the latter include an 
explicit dependency on intrinsic transverse momenta (for more de-
tails see [33,34]). The collinear framework is well understood and 
describes the unpolarized p + p cross-section well [35], but the 
transverse momentum dependent (TMD) framework is still being 
developed, and questions remain about universality, factorization 
and evolution.

2. Experiment

The Relativistic Heavy Ion Collider (RHIC), located at Brookhaven 
National Laboratory, can collide beams of polarized protons, as 
well as heavy ions, at each of the interaction regions. The data 
used in this analysis were recorded at the STAR experiment in 
2011 representing 25 pb−1 integrated luminosity of transversely 
polarized p + p collisions at 

√
s = 500 GeV and an average beam 

polarization of 53%. Kinematic observables of charged particles are 
measured using the Time Projection Chamber (TPC) with 2π az-
imuthal coverage in the pseudorapidity range −1 ! η ! 1 [36 ]. 
The barrel and endcap electromagnetic calorimeters (BEMC/EEMC) 
and the beam-beam counters (BBC) are used in coincidence for 
the trigger. A single BEMC tower is required to have a minimum 
transverse energy (ET > 4.0 or 5.7 GeV) or a #φ × #η = 1.0 × 1.0
jet patch must have ET > 6 .4, 9.0 or 13.9 GeV, respectively. Par-
ticles are identified by measuring their average specific ionization 
energy loss, ⟨dE/dx⟩, as they traverse the TPC and comparing this 
measured value with the associated parameterized expectation for 
each particle species as a function of η and momentum. Cuts on 
the number of standard deviations from the pion ⟨dE/dx⟩ peak 
(−1σ to 2σ ) and the number of hits used to determine ⟨dE/dx⟩
(> 20) are applied to achieve an 85 ± 2.5% pion pair purity across 

Fig. 2. Diagram of the azimuthal angle, where p⃗h,1(2) is the momentum of the pos-
itive (negative) pion, s⃗a is the beam polarization, and φR is the angle between the 
scattering plane (gray) and the di-hadron plane (yellow). (For interpretation of the 
colors in the figure(s), the reader is referred to the web version of this article.)

the entire kinematic range. The pion pair purity is the probability 
that both particles in a pair are pions. The momentum, p, of each 
particle is required to be greater than 2 GeV/c.

Each proton beam in the RHIC ring consists of bunches that 
alternate between being transversely polarized up or down with 
respect to the accelerator plane. However, when the single spin 
asymmetry measurement is carried out with respect to a given 
beam, the polarization of the other beam is integrated over to ef-
fectively be unpolarized. Polarimeters, which measure the elastic 
scattering of protons on ultra thin carbon ribbon targets several 
times during a fill, were used to measure the polarization of each 
beam. These polarimeters were calibrated with a polarized hydro-
gen gas jet target [37].

3. Analysis

The azimuthal angles in the scattering system used to calculate 
the π+π− azimuthal correlation follow the definition in ref. [39]
and are shown in Fig. 2. The scattering plane is defined by the 
polarized beam direction, p⃗beam , and the direction of the total mo-
mentum of the pion pair, p⃗h . The di-hadron plane is defined by 
the momentum vectors from each pion ( p⃗h,1 and p⃗h,2) in the pair. 
The difference vector R⃗ = p⃗h,1 − p⃗h,2 lies in the di-hadron plane. 
The pions are chosen to be in close proximity to each other in 
η−φ space with 

√
(#η)2 + (#φ)2 ≤ 0.7 and the sum of the trans-

verse momenta, pT , for each pair is required to be greater than 
3.75 GeV/c. Throughout the rest of this paper, pT is the trans-
verse momentum of the pion pair and p⃗h,1 corresponds to the 
positive pion and p⃗h,2 to the negative pion. We define the unit 
vectors p̂ = p⃗/|p⃗|. The angle between the scattering plane and the 
polarization of the incident beam, s⃗a , is φS . The angle between 
the scattering plane and the di-hadron plane is φR , which is used 
to define φR S = φR − φS , where φR and φS are calculated using 
Eqs. (2)–(5). The angle φR S modulates the asymmetry due to the 
product of transversity and the IFF by sin(φR S).

cos(φS) = p̂beam × p⃗h

|p̂beam × p⃗h|
· p̂beam × s⃗a

|p̂beam × s⃗a|
(2)

sin(φS) = (p⃗h × s⃗a) · p̂beam

|p̂beam × p⃗h||p̂beam × s⃗a|
(3)

cos(φR) = p̂h × p⃗beam

|p̂h × p⃗beam| · p̂h × R⃗

|p̂h × R⃗|
(4)

sin(φR) = (p⃗beam × R⃗) · p̂h

|p̂h × p⃗beam||p̂h × R⃗|
. (5)

The π+π− azimuthal correlation observable, AU T , is defined in 
Eq. (6 ), where P is the beam polarization and N↑(↓) is the num-
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to the global χ2 by ≈38%, most of which (≈76%) coming
from COMPASS data points, due to their smaller errors. A
significant amount (≈40%) is contributed to the COMPASS
χ2 budget by specific bins in the deuteron kinematics. The
remaining 62% of the global χ2 comes from the STAR data
and is dominated by the jPhT j bins (≈70%), while the Mh
bins contribute by ≈28% and the η bins by a negli-
gible ≈2%.
In Fig. 1, the transversity xh1 is displayed as a function of x

atQ2 ¼ 2.4 GeV2. The dark (blue) lines represent the Soffer
bounds. The upper panel refers to the valence up component.
Here, the lighter bandwith dashed borders corresponds to the
90% uncertainty band from our previous fit with only SIDIS
and eþe− data [29]. The darker bandwith solid borders is the
90%uncertainty band from the new global fit discussed here,
including all options Dg

1ðQ2
0Þ ¼ 0, Dg

1ðQ2
0Þ ¼ Du

1ðQ2
0Þ=4,

and Dg
1ðQ2

0Þ ¼ Du
1ðQ2

0Þ. However, the latter result is insen-
sitive to the various choices for Dg

1ðQ2
0Þ. There is an evident

gain in precision by including also the STAR data. The
uncertainty of our previous fit inRef. [29] (the lighter band) is
comparable to the one obtained from the analysis of the
Collins effect [10,45]. Hence, we deduce that the outcome of
our global fit provides a substantial increase in the precision
on huv1 and on the related tensor charge δuwith respect to all
the other phenomenological extractions.

The lower panel of Fig. 1 refers to the valence down
component. Again, the darker band with solid borders
corresponds to the 90%uncertainty band from the new global
fit, including all options for Dg

1ðQ2
0Þ. The hatched area with

lighter borders shows how the result is modified by including
only the option Dg

1ðQ2
0Þ ¼ 0. At variance with the up quark,

the valence down component hdv1 is sensitive to the Dg
1

contribution to the cross section forp − p collisions. Data on
ðπþπ−Þ multiplicities in p − p collisions would be very
useful in constrainingDg

1. Finally,wenotice that theunnatural
behavior of hdv1 at x≳ 0.1 obtained in Ref. [29] has
disappeared. The few COMPASS data points responsible
for this anomalous trend [46] becomestatistically less relevant
when including the STAR data, which in turn demonstrate
their large impact on our knowledge of transversity.
In order to compare with other results, we have calcu-

lated at various scales the tensor charge δq and the
truncated tensor charge δq̃, which is obtained by restricting
the integral in Eq. (9) to the experimental x range [0.0065,
0.133]. The values at 90% confidence level are listed in
Table I. They are in very good agreement with other
phenomenological extractions [10], and seem compatible
with lattice simulations for δd, but not for δu (see,
e.g., Table IX in Ref. [47]). We have computed also the
isovector tensor charge gT ≡ δu− δd, whose systematic
errors of lattice calculations are under better control. At
Q2 ¼ 4 GeV2, our result is again in very good agreement
with phenomenology (displaying a significantly smaller
error with respect to our previous fit with only dihadron
SIDIS and eþe− data [29]), but seems incompatible with
most recent lattice simulations [10,47]. Lately, the authors
of Ref. [48] have published a Monte Carlo reanalysis of the
Collins effect supplemented by lattice input for gT, showing
that their result for gT is compatible with some lattice
calculations, although their numerical values for δu and δd
turn out to be largely incompatible. More work is needed
along both lines of improving the precision of phenom-
enological extractions and of benchmarking lattice simu-
lations, because a careful determination of gT is of
paramount importance in detecting BSM effects [1], e.g.,
in neutron β decay, where the experimental accuracy has
now reached the 0.1% level [49].
In summary, we have presented an extraction of trans-

versity at leading order in the strong coupling constant
where, for the first time, we performed a global fit of all
data for azimuthal asymmetries in the semi-inclusive

FIG. 1. The transversity xh1 as a function of x at
Q2 ¼ 2.4 GeV2. Dark (blue) lines represent the Soffer bounds.
Dark bands with solid borders for the global fit of this work
including all optionsDg

1ðQ2
0Þ ¼ 0,Du

1ðQ2
0Þ=4, andDu

1ðQ2
0Þ. (Top)

For valence up quark: comparison with our previous fit in
Ref. [29] (lighter band with dashed borders). (Bottom) For
valence down quark: comparison with this global fit with only
Dg

1ðQ2
0Þ ¼ 0 (hatched area with lighter borders).

TABLE I. The tensor charge δq, truncated tensor charge δq̃, and
isovector tensor charge gT at 90% confidence level (see text).

δq δq δq̃ gT

(Q2 [GeV2]) Q2
0 ¼ 1 Q2 ¼ 4 Q2 ¼ 10 Q2 ¼ 4

Up 0.43(11) 0.39(10) 0.32(8)
0.53(25)Down −0.12ð28Þ −0.11ð26Þ −0.10ð22Þ
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Utilize ! + ! → jet ℎ± , as at midrapidity
Pushing forward = higher ):

Simulation Studies
• Precision for 385 pb,-

delivered lumi
(16 weeks = 1.2 2b,-)

• Momentum smearing 
of hadrons & jets
• Dilution due to beam 

remnant, underlying 
event, and kaon+proton
contamination

New with STAR forward upgrade:
• Probe transversity at high ) (0.05 to 0.5) and 34 (10 to 100 GeV2)
• Quantitative test of Collins function universality and evolution
• Critical information for the lead-up to EIC!

x

Q
2  [G

eV
2 ]

EIC √s
 = 140 GeV, 0.01 ≤ y

 ≤ 0
.95

EIC √s
 = 45 GeV, 0.01 ≤ y

 ≤ 0
.95

current data for Collins and Sivers asymmetry:

COMPASS h±: PhT < 1.6 GeV
HERMES π0,±, K±: PhT < 1 GeV
JLab Hall-A π±: PhT < 0.45 GeV

JLab 12 (upcoming)

STAR-pp DY  √s = 500 GeV
STAR W bosons

STAR 500 GeV -1 < η < 1 Collins
STAR 200 GeV -1 < η < 1 Collins
RHIC 500 GeV 1 < η < 4 Collins
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500 GeV: 1 < 6 < 4
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Gluon Linear Polarization
Collins-like asymmetries
• Sensitive to linearly polarized gluons in a transversely polarized proton
• Asymmetries consistent with zero in 500 GeV (shown) and (preliminary) 200 GeV
• STAR data provide first-ever constraints
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New with STAR forward upgrade:
• Probe Collins-like asymmetries to ! ≲ 2×10'(
• Important for gluon linear polarization



RHIC data through 2009:
∫"."$
% Δ' ( )( = 0.23 ± 0.06 (NNPDF)

∫"."$
% Δ' ( )( = 0.200"."12"."3 (DSSV)

Recent data will improve uncertainties further…

Gluon Helicity
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PRL 115, 092002 (2015)

which predict asymmetries that “bracket” the measured
ALL values. Although PYTHIA does not include parton
polarization effects, asymmetries could be reproduced via a
reweighting scheme in which each event was assigned a
weight equal to the partonic asymmetry as determined by
the hard-scattering kinematics and (un)polarized PDF sets.
The trigger and reconstruction bias correction in each mass
bin was determined by evaluating ΔALL ≡ Adetector

LL −
Aparton
LL for each of the selected PDFs, then taking the

average of the minimum and maximum values found.
These corrections to ALL varied from 0.0006 at low mass
to 0.0048 at high mass. Half of the difference between the
minimum and maximum ΔALL was taken as a systematic
uncertainty on the correction.
Figure 4 presents the final dijet ALL measurement for the

same-sign (top) and opposite-sign (bottom) topological
configurations as a function of dijet invariant mass, which
has been corrected back to the parton level. The correction
to parton level is achieved by shifting each point by the
average difference between the detector and parton-level
dijet masses for a given detector-level bin. The heights of
the uncertainty boxes represent the systematic uncertainty
on the ALL values due to the trigger and reconstruction bias
(3–32 × 10−4) and residual transverse polarization compo-
nents in the beams (3–26 × 10−4). The relative luminosity
uncertainty (5 × 10−4) also results in an uncertainty in the

vertical dimension that is common to all points and is
represented by the gray band on the horizontal axis. This
uncertainty was evaluated by comparing relative luminosity
values obtained using the STAR BBCs and ZDCs, as well
as from quantitative inspection of a number of single- and
double-spin asymmetries expected to yield null results. The
widths of the boxes represent the systematic uncertainty
associated with the corrected dijet mass values and, in
addition to contributions from the uncertainty on the
correction to the parton level, include uncertainties on
calorimeter tower gains and efficiencies as well as TPC
momentum resolution and tracking efficiencies. A further
uncertainty was added in quadrature to account for the
difference between the PYTHIA parton level and NLO
pQCD dijet cross sections. This PYTHIA vs NLO pQCD
uncertainty dominates in all but the lowest mass bin,
rendering the dijet mass uncertainties highly correlated.
The ALL values and associated uncertainties can be found in
Table I with more detail in the Supplemental Material [30].
Theoretical ALL values were obtained from the dijet

production code of de Florian et al. [7] using the
DSSV2014 [17] and NNPDFpol1.1 [18] polarized PDF
sets as input, normalized by the MRST2008 [33] and
NNPDF2.3 [34] unpolarized sets, respectively. As was
done for the unpolarized cross section, theoretical values
were generated using the same jet-finding parameters as the
data. Uncertainty bands representing the sensitivity to
factorization and renormalization scale (solid) and polar-
ized PDF uncertainty (hatched) were generated for the
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FIG. 3. Values of gluon x1 and x2 obtained from the PYTHIA
detector level simulation for the same-sign (upper) and opposite-
sign (lower) dijet topologies, compared to the gluon x distribution
for inclusive jets scaled by an additional factor of 20 in
each panel.
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measured by the STAR experiment. The uncertainty symbols and
theoretical curves are explained in the text.
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• Intermed.-7 dijets at 500 GeV
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RHIC data through 2009:
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Recent data will improve uncertainties further…
…but G> at very low ? still largely unconstrained!

For lower ?: push forward!
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pendent assessment of the impact of relative luminosity1

uncertainty on a spin asymmetry. Ultimately, all three2

measurements of the relative luminosity systematic un-3

certainty are in agreement.4

The spin asymmetries are calculated using a maximum5

likelihood method that weights each event according to6

the relative luminosity in each run and the polarization7

in each fill and sums these quantities over the course of8

the entire data-taking period. The 2012+2013 data have9

a combined luminosity of about 63 pb�1 and an aver-10

age polarization of 54.6 ± 1.9% in the Blue Beam and11

56.4 ± 2.0% for the Yellow Beam. The measured ALL12

points are plotted in Fig. 4 for two di↵erent ranges of13

pseudorapidity of the pion. The asymmetry values are14

plotted at the mean transverse momenta of each bin.15

The vertical error bars represent the statistical errors,16

calculable from the pion yields and polarization mea-17

surements on the data. The vertical extent of the gray18

boxes gives the uncertainties on ALL values arising from19

systematic uncertainties on the relative luminosities and20

possible remnant transverse components of beam polar-21

ization in the RHIC machine. The horizontal extent of22

the gray boxes represent the pT systematic uncertainties,23

which were approximately 5.2%. The energy calibration24

uncertainty makes the dominant contribution, since the25

precision of the energy calibration is estimated to be ±5%26

at pion energies in the range of 20� 40 GeV.27

Accounting for correlations of the errors on the polar-28

ization in each beam gives a relative error on the product29

1/PY PB of ±6.7% for the combined 2012+2013 run pe-30

riods [30]. This error should be considered an overall31

vertical scale uncertainty on the data, but is omitted for32

clarity in the plots.33

While the dominant systematic errors on ALL were34

those associated with the relative luminosities and beam35

polarization measurements, many other sources of sys-36

tematic error were considered and estimated. One con-37

tribution to an apparent longitudinal double-spin asym-38

metry could arise from the residual transverse compo-39

nents of the beam polarization (typically about 5% of40

the longitudinal component), in conjunction with the41

transverse double asymmetry A⌃ as defined in Ref. [31].42

Measurements at 500 GeV of A⌃ as a function of pion pT43

give results which are consistent with zero. As in previ-44

ous STAR longitudinal double-spin asymmetry measure-45

ments [32], we did not make a correction to ALL, but46

instead assigned a conservative systematic uncertainty to47

the ALL measurements to account for a possible correc-48

tion. We estimated this by combining the measurements49

of A⌃ with measurements of the transverse polarization50

components of the Blue (Yellow) beams. These contribu-51

tions to the systematic errors on ALL are found to be on52

the order of 10�5 and are, thus, negligible compared to53

the systematic error due to the relative luminosity and54

polarization measurements.55

The longitudinal double-spin asymmetry of jets and56
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FIG. 4: Longitudinal Double-Spin Asymmetry, ALL vs ⇡0

transverse momentum in polarized pp collisions at
p

s = 510
GeV in the pseudorapidity (energy) ranges 2.65 < ⌘ < 3.15
(30 < E⇡ < 70 GeV) (top) and 3.15 < ⌘ < 3.90 (30 < E⇡ <
100 GeV) (bottom). Data collected in 2012 and 2013 have
been combined. Vertical error bars on the data represent
the statistical uncertainties on pion yields and polarization
measurements only. The vertical extent of the shaded boxes
gives the combined systematic uncertainties on the relative
luminosity and polarization measurements. Measurements of
the beam polarization give a multiplicative uncertainty on
these data due to the factor 1/PY PB equal to ±6.7% [30],
which is not shown. The horizontal extent of the shaded boxes
represent the pT systematic uncertainty, described in the text.
On the same graphs we plot theoretical calculations of ALL

for neutral pions [36], using the NNPDFpol1.1 [33] (black
solid line and error band for the 100 replicas in the set) and
DSSV14 [34] (blue dashed line) sets of polarized PDFs. In
both cases, we use the DSS fragmentation functions [38].

neutral pions gives sensitivity to �g, since the associ-57

ated cross sections are dominated by gluonic subprocesses58

and the PDFs for polarized quarks and antiquarks are59

known with comparatively much greater precision [2–60

6]. Recent measurements of the longitudinal double-61

spin asymmetry for inclusive jets at central rapidity in62

STAR [13] have been incorporated into global analy-63

ses [33, 34] and suggest that the integral of �g(x, Q2 =64

10 GeV2/c2) over the range 0.05 < x < 1.0 is posi-65

tive [35], with the two analyses giving consistent values66

of 0.23 ± 0.06 [33] and 0.20 + 0.06/ � 0.07 [34]. To de-67
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pendent assessment of the impact of relative luminosity1

uncertainty on a spin asymmetry. Ultimately, all three2

measurements of the relative luminosity systematic un-3

certainty are in agreement.4

The spin asymmetries are calculated using a maximum5

likelihood method that weights each event according to6

the relative luminosity in each run and the polarization7

in each fill and sums these quantities over the course of8

the entire data-taking period. The 2012+2013 data have9

a combined luminosity of about 63 pb�1 and an aver-10

age polarization of 54.6 ± 1.9% in the Blue Beam and11

56.4 ± 2.0% for the Yellow Beam. The measured ALL12

points are plotted in Fig. 4 for two di↵erent ranges of13

pseudorapidity of the pion. The asymmetry values are14

plotted at the mean transverse momenta of each bin.15

The vertical error bars represent the statistical errors,16

calculable from the pion yields and polarization mea-17

surements on the data. The vertical extent of the gray18

boxes gives the uncertainties on ALL values arising from19

systematic uncertainties on the relative luminosities and20

possible remnant transverse components of beam polar-21

ization in the RHIC machine. The horizontal extent of22

the gray boxes represent the pT systematic uncertainties,23

which were approximately 5.2%. The energy calibration24
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precision of the energy calibration is estimated to be ±5%26

at pion energies in the range of 20� 40 GeV.27

Accounting for correlations of the errors on the polar-28

ization in each beam gives a relative error on the product29

1/PY PB of ±6.7% for the combined 2012+2013 run pe-30

riods [30]. This error should be considered an overall31

vertical scale uncertainty on the data, but is omitted for32

clarity in the plots.33

While the dominant systematic errors on ALL were34

those associated with the relative luminosities and beam35

polarization measurements, many other sources of sys-36

tematic error were considered and estimated. One con-37

tribution to an apparent longitudinal double-spin asym-38

metry could arise from the residual transverse compo-39

nents of the beam polarization (typically about 5% of40

the longitudinal component), in conjunction with the41

transverse double asymmetry A⌃ as defined in Ref. [31].42

Measurements at 500 GeV of A⌃ as a function of pion pT43

give results which are consistent with zero. As in previ-44

ous STAR longitudinal double-spin asymmetry measure-45

ments [32], we did not make a correction to ALL, but46

instead assigned a conservative systematic uncertainty to47

the ALL measurements to account for a possible correc-48

tion. We estimated this by combining the measurements49

of A⌃ with measurements of the transverse polarization50

components of the Blue (Yellow) beams. These contribu-51

tions to the systematic errors on ALL are found to be on52

the order of 10�5 and are, thus, negligible compared to53

the systematic error due to the relative luminosity and54

polarization measurements.55

The longitudinal double-spin asymmetry of jets and56

Fri Mar 16 15:07:53 2018

 [GeV/c]
T

p
2 3 4 5 6 7 8

)0 π(
LL

A

0.006−

0.004−

0.002−

0

0.002

0.004

0.006 +X0π→STAR pp
 = 510 GeVs

 < 3.15η2.65 < 
30 < E < 70 GeV

 [GeV/c]
T

p
2 3 4 5 6 7 8

)0 π(
LLA

0.006−

0.004−

0.002−

0

0.002

0.004

0.006

6.7% polarization scale uncertainty not shown±

NNPDF
DSSV14

 < 3.90η3.15 < 
30 < E < 100 GeV

FIG. 4: Longitudinal Double-Spin Asymmetry, ALL vs ⇡0

transverse momentum in polarized pp collisions at
p

s = 510
GeV in the pseudorapidity (energy) ranges 2.65 < ⌘ < 3.15
(30 < E⇡ < 70 GeV) (top) and 3.15 < ⌘ < 3.90 (30 < E⇡ <
100 GeV) (bottom). Data collected in 2012 and 2013 have
been combined. Vertical error bars on the data represent
the statistical uncertainties on pion yields and polarization
measurements only. The vertical extent of the shaded boxes
gives the combined systematic uncertainties on the relative
luminosity and polarization measurements. Measurements of
the beam polarization give a multiplicative uncertainty on
these data due to the factor 1/PY PB equal to ±6.7% [30],
which is not shown. The horizontal extent of the shaded boxes
represent the pT systematic uncertainty, described in the text.
On the same graphs we plot theoretical calculations of ALL

for neutral pions [36], using the NNPDFpol1.1 [33] (black
solid line and error band for the 100 replicas in the set) and
DSSV14 [34] (blue dashed line) sets of polarized PDFs. In
both cases, we use the DSS fragmentation functions [38].

neutral pions gives sensitivity to �g, since the associ-57

ated cross sections are dominated by gluonic subprocesses58

and the PDFs for polarized quarks and antiquarks are59

known with comparatively much greater precision [2–60

6]. Recent measurements of the longitudinal double-61

spin asymmetry for inclusive jets at central rapidity in62

STAR [13] have been incorporated into global analy-63

ses [33, 34] and suggest that the integral of �g(x,Q2 =64

10 GeV2/c2) over the range 0.05 < x < 1.0 is posi-65

tive [35], with the two analyses giving consistent values66

of 0.23 ± 0.06 [33] and 0.20 + 0.06/ � 0.07 [34]. To de-67
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Gluon Helicity

Drachenberg PAC2019 -- STAR BUR 2022 14

Forward jet correlated with associated 
jet in different rapidity ranges samples 

a varied range of !

Simulation Studies
• Precision for 1 "b$%

delivered lumi
(16 wk = 1.2 "b$%)
• Assume 60% pol
• Rel. lumi. syst: 
5×10$-

New with STAR forward upgrade:
• Constrain Δ/ at low ! with forward dijets
• More sensitive to shape of Δ/ ! than inclusive probes
• Pushing both jets to 0 > 2.8 allows sensitivity of ! ∼ 10$4



Forward Dijets: Prelude to the EIC

Drachenberg PAC2019 -- STAR BUR 2022 15

Dijets at EIC: a promising tool
• Excellent surrogate for partons
• Jets from ! and " side are well-separated in #
• Potential for probing (un)polarized PDFs, FFs, 

and much more

Dijets with STAR forward upgrade
• Same range of # as dijets with EIC
• Understand dijets physics at EIC kinematics
• Critical for maximizing impact of the EIC era
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Summary
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• Fascinating open questions in cold-QCD remain
- STAR poised to continue to play a significant role after BES-II
- Critical to investigate at high and low !

• Physics goals for a 16-week run in FY22 (estimated 1.2 O"#)
- Transversity at high ! via hadron-in-jet (“Collins”) and dihadron (“IFF”) $%&

§ Improved understanding of nucleon spin structure
§ Deeper Insight into large forward inclusive hadron asymmetries
§ Experimental tests of TMD factorization and universality in ' + '

- Gluon linear polarization at low !, e.g. via “Collins-like” effect
§ Improved understanding of nucleon spin structure

- Gluon helicity at low ! via forward dijet $))
§ Improved understanding of nucleon spin structure

- Opportunity to gain insight critical for maximizing impact of EIC
• Significant progress already on the forward upgrade! (Elke’s talk at 15:45)



Back-up Slides
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Cold-QCD Physics with Existing Upgrades
EPD
• Enhanced ability to identify rapidity gaps for 

diffractive measurements

iTPC
• Improve !"/!$ PID resolution and extend % reach

of mid-rapidity Collins and IFF measurements
• Substantially increase reconstruction efficiency and 

reduce need for corrections for intermediate % jets
• Provide tracking efficiency overlapping kinematic 

region where PHENIX observes strong &
dependence of &' for ℎ)

• Extend rapidity reach of * measurements, e.g. &+
and &'

• Improved tracking substantially reduces size of the 
“second EEMC” correction for * measurements

Drachenberg PAC2019 -- STAR BUR 2022 18



Sivers Effect

Transverse Spin Physics 19

DIS: 
Final-state interaction

Drell-Yan or W: 
Initial-state interaction

QCD:

SiversDIS = −SiversDrell-Yan or SiversW
!" for direct photon also has a closely related “sign change”

Opportunity to see the repulsive interaction between like color charges 
for the first time!

Can explore all of these observables in 500 GeV # + # collisions at RHIC!

Color interactions in QCD
“Modified-universality” of the “Sivers” function



Sivers Effect at RHIC

Sivers through weak bosons
• Higher scale than DY
• Sensitivity to evolution!
• Test through W/Z, DY, and direct photon (twist-3)

Proposal for 2022
• Go beyond simply testing sign-change
• Test the magnitudes between SIDIS and ! + !
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• See the sign change if evolution effects are less than factor of 5 
• Probe anti-quark Sivers function for the first time 
• Directly measure the evolution effects 

– Need new data to constrain non-perturbative contribution 
– Access similar observables at comparable x but very 

different Q2 
• W and Z AN at 510 GeV 
• Drell-Yan at 510 GeV 

Definitive measurement 

Factor 
of ~15 

2017 RHIC run, data 
currently under analysis 

Factor 
of ~4 

Drell-Yan 

Factor 
of ~4 

Drachenberg PAC2019 -- STAR BUR 2022

#$ for DY to ±0.008
• DY )*)+
• 2.5 < / < 4.0 (FMS+FPre+FPost)
• 4.0 GeV < 45657 < 9.0 GeV
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Collins Effect at RHIC

Evaluate the !" dependence directly
• 200 and 500 GeV in complete agreement for 

common #"
• Shape of asymmetries vs. !" changes with $
– Peak appears to shift to higher !" for increasing $
– Suggests asymmetry does not factorize as

%&" ∼ ( !" ×( $ ?!
• Models agree relatively well but more work needed

- More unpolarized data!
- More thought at low !"

Drachenberg PAC2019 -- STAR BUR 2022 21

500 GeV: STAR Collaboration, PRD 97, 032004 (2018)
200 GeV: Int. J. Mod. Phys. Conf. Ser. 40, 1660040

Z.-B. Kang et al. / Physics Letters B 774 (2017) 635–642 641

Fig. 4. The Collins azimuthal spin asymmetry Asin(φS −φH )
U T at √s = 500 GeV [25] for pions produced inside jets pp → (jetπ±) + X as a function of the pion momentum j⊥

for ⟨zh⟩ = 0.13 (left panel) and ⟨zh⟩ = 0.37 (right panel). Solid lines correspond to calculations that take into account TMD evolution using the extracted TMDs of Ref. [17]
and the dashed lines correspond to extraction of TMDs without TMD evolution of Ref. [18]. We have ⟨pT ⟩ = 31 GeV for the average jet transverse momentum and the jet 
rapidity is integrated over the range 0 < η < 1. The error bands are computed using results of Refs. [17,18].

Fig. 5. Unpolarized pp → (jetπ+) + X cross-section at √s = 500 GeV as a function 
of the pion momentum j⊥ for ⟨zh⟩ = 0.37. Solid lines correspond to calculations 
that take into account TMD evolution using the extracted TMDs of Ref. [17] and the 
dashed lines correspond to extraction of TMDs without TMD evolution of Ref. [18]. 
We have ⟨pT ⟩ = 31 GeV for the average jet transverse momentum and the jet ra-
pidity is integrated over the range 0 < η < 1.

4. Conclusion

In this work, we investigated the Collins azimuthal asymme-
try for hadron production inside jets in transversely polarized p↑ p
collisions. We argued that this process is a unique opportunity to 
access the quark transversity distributions in the relatively large-x
region, and to probe the Collins fragmentation functions. In partic-
ular, the Collins fragmentation functions and the associated TMD 
evolution for this process are the same as those probed in the 
standard semi-inclusive deep inelastic scattering (SIDIS) and back-
to-back di-hadron production in electron–positron annihilation. 
The extractions of both the quark transversity distributions and 
the Collins fragmentation functions from global analyses of SIDIS 
and electron–positron data are available in the literature with and 
without including TMD evolution effects. By using the extracted 
TMDs from these processes, we calculated the Collins azimuthal 
asymmetries for both positively and negatively charged pions pro-
duced inside jets p↑ p →

(
jetπ±)

+ X , and we compared to recent 
preliminary data from the STAR Collaboration at RHIC. The ob-

tained Collins azimuthal asymmetries agree reasonably well with 
the experimental measurements for both CM energies 

√
s = 200

and 500 GeV. This agreement confirms the universality of Collins 
fragmentation functions for the three different processes. We fur-
ther explored the effects of TMD evolution, and found that the 
current experimental data cannot resolve the difference between 
our results with and without TMD evolution. We encourage the 
experimentalists at RHIC improve the precision of their measure-
ments in the future, which would greatly help to assess the impact 
of TMD evolution effects.
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Hyperons

First measurement of Λ "## at RHIC!
• Sensitive to transversity and transversely polarized FF
• Possible channel to constrain transversity of strange quarks
• Consistent with model calculation from PRD 70, 034015 

(2004) and PRD 73, 077503 (2006)
Improved precision for Λ "$$
• Sensitive to polarized PDF and polarized FF
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STAR Collaboration, PRD 98, 91103 (2018)
STAR Collaboration, PRD 98, 112009 (2018)
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Hadron-in-jet Fragmentation Functions
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4.2 THE FINAL STATE: NUCLEAR FRAGMENTATION 
FUNCTIONS 

 

4.2.1  Run-2023
 
In spite of the remarkable phenomenological 

successes of QCD, a quantitative understanding of 
the hadronization process is still one of the great 
challenges for the theory. Hadronization describes 
the transition of a quark or gluon into a final state 
hadron.  It is a poorly understood process even in 
elementary collisions.  RHIC’s unique versatility 
will make it possible to study hadronization in 
vacuum and in the nuclear medium, and addition-
ally with polarized beams. 

It has long been recognized that the hadron 
distributions within jets produced in p+p colli-
sions are closely related to the fragmentation 
functions that have typically been measured in 
e+e- collisions and SIDIS.  The key feature of this 
type of observable is the possibility to determine 

the relevant momentum fraction z experimentally 
as the ratio of the hadron to the jet transverse 
momentum. But only within the past year [131] 
has the quantitative relationship been derived in a 
form that enables measurements of identified had-
rons in jets in p+p collisions to be included in 
fragmentation function fits on an equal footing 
with e+e- and SIDIS data. Furthermore, hadrons in 
p+p jets provide unique access to the gluon frag-
mentation function, which is poorly determined in 
current fits [132], in part due to some tension 
found in the inclusive high pT pion yields meas-
ured by the PHENIX and ALICE collaborations. 
Here, the proposed measurements can provide 
valuable new insight into the nature of this dis-
crepancy. 

π+ π- 

 
Figure 4-14: Anticipated precision for identified pions within jets at |η| < 0.4 in 200 GeV p+p collisions for three repre-
sentative jet pT bins.  The data points are plotted on theoretical predictions based on the DSS14 pion fragmentation 
functions [131,132].  Kaons and (anti)protons will also be measured, over the range from z < 0.5 at low jet pT to z < 0.2 
at high jet pT, with uncertainties a factor of ~3 larger than those for pions. 

 
This development motivated STAR to initiate a program of identified particle fragmentation function 

measurements using p+p jet data at 200 and 500 GeV from 2011, 2012, and 2015.  Figure 4-14 shows the 
precision that is anticipated for identified π+ and π− in 200 GeV p+p collisions for three representative jet pT 
bins after the existing data from 2012 and 2015 are combined with future 200 GeV p+p data from 2023.  
Identified kaon and (anti)proton yields will also be obtained, with somewhat less precision, over a more lim-
ited range of hadron z.  Following Run-2017, the uncertainties for 500 GeV p+p collisions will be compara-

The RHIC Spin Collaboration, arXiv:1602.03922STAR Results and Plans -- Drachenberg

Future Measurements: Tagged !""

P

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

+
π

 fraction>0.3
T

p

 fraction>0.6
T

p
 fraction>0.8

T
p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

+K

0 5 10 15 20 25 30 35 40 45

P

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

s u d d u s g

-
π

0 5 10 15 20 25 30 35 40 45
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

s u d d u s g

-
K

arXiv:1705.08
831

)s/
T

    (= 2pTJet x
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Su
bp

ro
ce

ss
 F

ra
ct

io
n

0

0.1

0.2

0.3

0.4

0.5

0.6

jet+X®pp
NLO CTEQ6M
Anti-kT R=0.6

|<1h|

gg qg

qq+qq'

=200 GeVsSolid:    
=500 GeVsDotted: 

 

Z. Chang, DNP 2013
PRL 115, 092002 (2015)

Enhance sensitivity, e.g. to strange PDF and FF, by 
tagging jet with kaon

Utilize same particle ID 
infrastructure as used for 

Collins analysis
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Unpolarized in-jet & dihadron fragmentation 
functions
• STAR equipped with particle ID, e.g. time-of-

flight (TOF) and energy-loss (!"/!$) in TPC
• Use PID to identify pion-in-jet, kaon-in-jet, etc.
–Enhance sensitivity to strangeness w/ %-tag
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pp/pA Physics in 2020+
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RHIC Cold QCD physics after BES-II at Mid & Forward Rapidities:
The RHIC Cold QCD Plan for 2017 to 2023: A Portal to the EIC (arXiv:1602.03922)

→ Critical to the mission of the RHIC physics program

→ Fully realize the scientific promise of the EIC

Midrapidity: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0669

• Based on existing STAR detectors, utilizing recent BES II upgrades (iTPC, eTOF, EPD)
Forward-rapidity: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648

• Upgrades consist of HCal + ECal + Tracking in range of 2.5 < % < 4.5

Positive endorsement by 2018 PAC:
• STAR presented a rich program for future 

operation after BES II that addresses many 

important and innovative topics in ' + ', ' + )
and ) + ) physics.

• …would enable studies of novel reaction channels 
including several specific diffractive reactions and 

ultra-peripheral collisions of interest to hadron 

structure and QGP physics alike.

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0669
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648

